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ABSTRACT
A set of monoclinic b-(AlxGa1–x)2O3 ﬁlms coherently grown by plasma-assisted molecular beam epitaxy onto (010)-oriented b-Ga2O3 substrates for compositions x  0.21 is investigated by generalized spectroscopic ellipsometry at room temperature in the spectral range of
1.5 eV–9.0 eV. We present the composition dependence of the excitonic and band to band transition energy parameters using a previously
described eigendielectric summation approach for b-Ga2O3 from the study by Mock et al. All energies shift to a shorter wavelength with the
increasing Al content in accordance with the much larger fundamental band to band transition energies of Al2O3 regardless of crystal symmetry. The observed increase in the lowest band to band transition energy is in excellent agreement with recent theoretical predictions. The
most important observation is that charge conﬁnement in heterostructures will strongly depend on the growth condition due to the strongly
anisotropic properties of the band to band transitions.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5097780
Recent research interest has focused worldwide on b-Ga2O3 as
the largest bandgap (4.8 eV–5.04 eV)1–6 semiconductor that can also
be melt grown in a single crystalline form.7 Feasible n-type doping
with tetravalent cations and a predicted breakdown electric ﬁeld of
more than double of the predicted limits for SiC and GaN envision tripling power performance of contemporary device structures in the
very near future.7 Heteroepitaxial growth of alloyed compounds with
ultrawide bandgap Al2O3 (8.8 eV)8 permits the creation of heterostructure devices, for example, exploiting valence and conduction band offsets for modulation-doped ﬁeld effect transistors (MODFETs)9–11 and
two-dimensional electron gas formation.12,13
The phase diagram between the monoclinic crystal structure bGa2O3 and rhombohedral structure (trigonal; sapphire) a-Al2O3 predicts pure phase b–(AlxGa1–x)2O3 for composition x  0.7 for growth
temperatures above the congruent point at 800  C.14 Fully coherent
heterostructures with the composition up to 17% were demonstrated
using plasma-assisted molecular beam epitaxy (PAMBE) on (010)
oriented b-Ga2O3 substrates.15

Appl. Phys. Lett. 114, 231901 (2019); doi: 10.1063/1.5097780
Published under license by AIP Publishing

Identiﬁcation of the band to band transitions and excitonic contributions as a function of composition is highly desired for comparison
with band structure calculations and for determination of, for example,
band offsets and charge conﬁnement. Recently, generalized spectroscopic
ellipsometry was used to accurately determine the dielectric function tensor of the highly anisotropic monoclinic b-Ga2O3.2,3,5 An eigendielectric
summation approach was introduced by Sturm et al. to identify valence
to conduction band electronic transitions, their strength and polarization
directions (selection rules), and excitonic contributions, and comparison
was given with density functional theory (DFT) results.2,4,5
For b-Ga2O3, the lowest energy band to band transition is polarized nearly parallel to lattice axis c, the second is polarized nearly parallel to a, and the third is polarized parallel to b.2,5 Excitonic
contributions and different band to band transition critical point (CP)
parameters are the source of peculiar anisotropy in the near bandgap
spectral region. Anisotropy, band to band transitions, selection rules,
and excitonic properties have not been determined by experiment
thus far for b–(AlxGa1–x)2O3.
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Feng et al. analyzed transmittance of b–(AlxGa1–x)2O3 epitaxial
ﬁlms and reported bandgap values of 5.06 eV for x ¼ 12% and 5.29 eV
for x ¼ 35% without polarization assignment.16 Schmidt-Grund et al.
determined an isotropically averaged dielectric function of
b–(AlxGa1–x)2O3 by spectroscopic ellipsometry from 0.5 eV to 8.5 eV
for x ¼ 0.11 to x ¼ 0.55. A composition dependent, isotropically averaged bandgap energy was estimated using the onset of the absorption
method.17 Wang et al. reported on b–(AlxGa1–x)2O3 obtained by
cosputtering reaching Al compositions x up to 6%. Energy parameters
estimated from the onset of absorption shift to higher photon energies
with increasing x (4.89 eV–5.19 eV).18 Krueger et al. investigated the
bandgap energy parameters of powder samples produced by solution
combustion synthesis using x-ray photo-electron spectroscopy (XPS)
and DFT calculations. An approximately linear shift was reported
between x ¼ 0 and x ¼ 1.19 Polarization assignments and selection
rules were not provided. Zhang et al. investigated XPS and the onset of
absorption in pulsed laser deposition grown ﬁlms covering the entire
composition range. A strongly nonlinear shift was reported between
x ¼ 0 and x ¼ 1.20 A study of the onset of absorption combined with
DFT calculations was performed for b–(AlxGa1–x)2O3 ﬁlms grown by
laser molecular beam epitaxy (LMBE) on ð2 01Þ b-Ga2O3 substrates
for x  0.54.21 Absorption edge estimated bandgap energy parameters
were also reported to shift linearly for corundum a–(AlxGa1–x)2O3
deposited by spray assisted mist chemical vapor deposition.25,26
Fares et al. determined the valence and conduction band offsets between Al2O3 grown by atomic layer deposition and MBE
deposited b–(Al0.14Ga0.86)2O3 using XPS. A type-I alignment was
reported for the valence band offset (0.23 eV) and good electron
conﬁnement conditions for the conduction band offset (1.67 eV).
Polarization dependencies of band offsets were not discussed.22
Peelaers et al.23 and Wang et al.24 performed a detailed DFT study
of fully relaxed (unstrained) (AlxGa1–x)2O3 alloys in both monoclinic and hexagonal phases using a hybrid DFT functional.
Composition dependencies of formation enthalpies, band alignment with respect to the vacuum level, and bandgap energies were
studied, with the latter deﬁned as the difference between band
edges at the C point (direct) and the valence band maximum close
to the L point in the Brillouin zone and the conduction band minimum at the C point (indirect). Both groups reported qualitatively
consistent results with a slightly nonlinear parabolic (bowing)
dependence of the bandgap energy vs composition.
It is of interest to note that all thus far available band to band
transition energy parameters were determined from either optical
techniques (onset of absorption) or XPS lineshape analyses without
consideration of the anisotropic properties of the electronic transitions
in the near bandgap spectral region. Furthermore, it appears that exciton formation which reduces the energy of the onset of absorption was
not yet accounted for in data analysis of optical spectra of
b–(AlxGa1–x)2O3. In this paper, we report the investigation of a set of
heteroepitaxial ﬁlms of pure phase monoclinic b–(AlxGa1–x)2O3
coherently grown by plasma-assisted MBE (PAMBE) onto (010) oriented b-Ga2O3 substrates for compositions x  0.21 by generalized
spectroscopic ellipsometry at room temperature in the spectral range
of 1.5 eV–9.0 eV. We employ our recently developed eigendielectric
summation approach, and we report anisotropy, band to band transitions, selection rules, and excitonic properties for compositions
x  0.21.
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Nominally undoped b–(AlxGa1–x)2O3 ﬁlms were grown on (010)
b-Ga2O3 substrates at 600  C–700  C by PAMBE. Composition determination of the coherently grown epitaxial ﬁlms was performed by Xray diffraction (XRD) as discussed by Oshima et al.15 The
b–(AlxGa1–x)2O3 ﬁlms were grown under slight metal rich conditions
with a similar Ga ﬂux of 1  107 Torr while the Al ﬂux was varied
from 0.9  108 to 1.1  108 Torr for different Al compositions in
the ﬁlms. Further details of the XRD investigations are given in the
supplementary material.
We measured room temperature generalized spectroscopic ellipsometry data in the Mueller matrix27 presentation in the spectral range
from 1.5 eV to 9.0 eV. A rotating-analyzer ellipsometer with an automated compensator function (VUV-VASE, J. A. Woollam Co., Inc.)
was used for the vacuum-ultraviolet (VUV) spectral region. Data were
acquired at three angles of incidence (Ua ¼ 50 , 60 , and 70 ) and at
several azimuth angles by manually rotating the sample about
the sample normal in steps of 45 . A dual-rotating compensator
ellipsometer (RC2, J. A. Woollam Co., Inc.) with the automated
sample rotation function was used to obtain data in the remaining
spectral region. Measurements were taken at three angles of incidence
(Ua ¼ 50 , 60 , and 70 ) and at one full sample rotation in steps of
15 . Note that data acquisition with the RC2 instrument is much faster
due to the multiple-wavelength [charge-coupled device (CCD) light
detection] operation design while also providing access to the full
Mueller matrix elements. The VUV instrument is a rotating turretbased single-detector, single-wavelength design, and does not permit
acquisition of the 4th row of the Mueller matrix. Because the
b–(AlxGa1–x)2O3 ﬁlms are neither magnetically nor optically active,
the Mueller matrix is symmetric in all elements, and loss of information about the 4th row in the VUV spectral range does not impair
access to the dielectric function tensor.
Ellipsometry is an indirect technique, and best match model calculations are needed. Here, we employ the substrate-ﬁlm(layer)roughness(layer)-ambient model.27 For the b-Ga2O3 substrate and
b–(AlxGa1–x)2O3 ﬁlm, we choose a coordinate system common to
both, as described in Ref. 5. Then, x is parallel to lattice axis a, y is parallel to c?, where the plane deﬁned by a and c? is the monoclinic plane,
and z is parallel to b yielding the dielectric tensor28
0
1
exx exy 0
e ¼ @ exy eyy 0 A:
(1)
0
0 ezz
We previously reported detailed determination of this tensor for
b-Ga2O3, and we provided an eigendielectric vector summation
approach to analyze the spectral behavior of this tensor to identify and
determine band to band transition and excitonic properties.5 We use
the same approach and the same functions to describe the tensor for
b–(AlxGa1–x)2O3. Here, the optical effect of the substrate is calculated
using the parameter set given in Ref. 5. The tensor for b–(AlxGa1–x)2O3
has the same shape as in Eq. (1). Due to the coherent growth, the axes
a, c?, and b are parallel within the substrate and the epitaxial ﬁlm. The
effect of roughness is accounted for by a thin model layer with an isotropic average over all b–(AlxGa1–x)2O3 tensor elements and weighted
with 50% void, as described in Ref. 5. A wavelength by wavelength
approach as utilized previously to simultaneously best-model match
calculated data to sets of data obtained from samples with the same
physical properties but different surface orientations is not possible
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here. Hence, to determine the dielectric tensor elements for the epitaxial ﬁlms, exx, eyy, exy, and ezz, we use the CP model dielectric functions
(MDF) projected into tensor dyadics as described by Mock et al. for the
best match model calculations. However, to account for the changes in
the band structure of b-Ga2O3 upon introduction of Al, we initially
permit all parameters to vary. From the parameters of these oscillator
functions, amplitude, broadening, excitonic energy, transition energies,
and their eigendielectric polarization orientation are determined. The
best match ellipsometry model parameters for the b–(AlxGa1–x)2O3
ﬁlm thickness and roughness layer thickness are 82.(3) nm and 1.(2)
nm for the 12% sample, 120.(7) nm and 1.(9) nm for the 15% sample,
and 63.(0) nm and 1.(2) nm for the 21% sample, respectively. The last
digit which is determined within the 90% conﬁdence interval is indicated with parentheses.
Selected experimental and best match model calculated Mueller
matrix data are shown in the supplementary material. An excellent
match between all experimental and model data for all investigated
samples is obtained. Figure 1 depicts the best match model calculated
MDF tensor element spectra for b–(Al0.12Ga0.88)2O3, as an example
(solid lines). Included for comparison are data obtained for b-Ga2O3
previously (dashed lines).2,5 Table I summarizes all CP MDF parameters for the contributions polarized within the monoclinic plane for
the sample with x ¼ 12%, as an example. Further data are listed in the
supplementary material. We note that limited sensitivity was observed
for the CP MDF parameters in ezz for photon energies above approximately 7 eV (MDF parameters for CPb2 and CPb3 ). Hence, we have kept
these parameters constant. We also note that we observed limited sensitivity to the energy levels of the excitonic contributions. Hence, we
ac
kept the differences between energy parameters of CPac
0x CP0
ac
b
b
¼ 120 meV; CPac
CP
¼
230
meV,
and
CP
CP
¼
178
meV,
1x
1
0x
0
i.e., the exciton binding energy parameters, constant at those observed
for b-Ga2O3 for all x investigated here. Finally, due to the blue shift of
all CP contributions, we note that CPac
6 moved outside the spectral
range and was omitted due to the lack of sensitivity to its parameters,

FIG. 1. Real and imaginary components of the dielectric tensor elements, exx, eyy,
exy, and ezz for b-(Al0.12Ga0.88)2O3 (solid lines) in comparison with b-Ga2O3
(dashed lines). Vertical lines indicate transition energies for the sample with a 12%
Al content, consistent with the color and style shown in Fig. 2.
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TABLE I. Example for CP MDF tensor parameters for the eigendielectric summation
approach for contributions in the a-c plane determined in this work for
b-(Al0.12Ga0.88)2O3. See Ref. 5 for the parameter deﬁnition. X-ray diffraction reciprocal space mapping data included within the supplementary material suggest that all
ﬁlms investigated here are coherently strained without relaxation. The last digit which
is determined within the 90% conﬁdence interval is indicated with parentheses.

CPac
0x
CPac
0
CPac
1x
CPac
1
CPac
2
CPac
3
CPac
4
CPac
5
CPac
7
CPac
8

a ( )

A (eV)

E (eV)

B (eV)

b (eV)

120.5 (4)
120.5 (4)
25.8 (7)
25.8 (7)
166.1 (2)
51.8 (7)
118.9 (5)
111.2 (6)
109.9 (7)
22.9 (9)

1.26 (6)
19.4 (4)
1.50 (1)
26.9 (3)
0.20 (6)
1.06 (8)
1.97 (8)
2.70 (1)
2.59 (7)
3.58 (2)

5.10 (7)
5.22 (0)
5.36 (1)
5.59 (8)
5.78 (9)
6.75 (8)
7.28 (3)
8.19 (0)
11.17 (1)
12.34 (3)

0.42 (4)
0.02 (9)
0.43 (4)
0.09 (4)
0.93 (6)
0.48 (9)
0.73 (0)
2.20 (2)
8.74 (4)
7.61 (0)

0.50 (4)
…
0.48 (8)
…
…
0.09 (3)
0.22 (1)
2.65 (0)
…
…

and its contributions are compensated by its next nearest CP structure,
CPac
5 .
In Fig. 1, most features appear shifted toward higher energies
upon the incorporation of Al. The identiﬁed energies of the CP contributions are indicated by vertical lines. Color and line styles are identical to those shown in Fig. 2, where all CP energies are summarized for
all samples investigated. In Figs. 1(a) (exx), 1(c) (eyy), and 1(d) (ezz), it
can be seen that the blue shift of the onset of absorption and the maximum in the real part of the dielectric functions along the crystal directions a, c?, and b, respectively, also results in a reduction of the real
parts within the bandgap spectral region. This reduction is consistent
with the observation made by Schmidt-Grund et al. albeit their MDF

FIG. 2. Transition energies (symbols) vs Al content x of b-(AlxGa1–x)2O3 ﬁlms
determined by CP MDF analysis (for respective CP MDF deﬁnitions, labeled here
by lines with different styles as indicated, and contributions for b-Ga2O3 also shown
here, see Ref. 5.): dashed-lines: exciton transitions; solid lines: near bandgap band
to band transitions; dotted lines: above bandgap transitions; dash-dotted lines:
higher energy transitions. The uncertainty limits determined within the 90% conﬁdence
interval, which are smaller than the symbol sizes, are given in Table I and in the supplementary material.
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was an isotropic average over all crystal directions. The systematic blue
shift of all band to band transitions is summarized in Fig. 2, where the
left side shows the CP transitions within the monoclinic plane, and the
right panel lists those for polarization parallel to axis b. Lines are linear
approximations to the composition dependence of the CP energy
parameters observed in this work. The solid lines indicate the lowest
ac
b
three band to band transitions ðEac
0 ; E1 ; E0 Þ, which shift nearly parallel for x  0.21. Figure 3 depicts the shift in the lowest bandgap parameter observed here ðEac
0 Þ in comparison with the lowest band to band
transition energy parameters reported from DFT calculations by
Wang et al.24 and Peelaers et al.23 While slight bowing was predicted
in the previous DFT work, the dashed line is a reasonable linear
approximation to our data for the composition range investigated
here.
We note excellent agreement between theory and experiment,
where the remaining differences may be caused by the inﬂuence of
strain within our epitaxial ﬁlms, and which was not considered by the
calculations reported by Wang et al. and Peelaers et al. We note at this
point that the strain will also depend on the surface orientation at
which a given ﬁlm is grown. Our ﬁlms are grown fully coherently onto
the (010) substrates. Reciprocal x-ray reﬂection space mapping data
in the supplementary material also rule out any lattice relaxation.
Hence, the state of strain is fully deﬁned in all of our ﬁlms. DFT
provided reliable stiffness tensor elements to calculate stress.4
However, the linear deformation potential parameters as well as the
linear pressure potential parameters for band to band transitions in
b–(AlxGa1–x)2O3 have not been determined yet. Therefore, presently,
we cannot further disentangle the effect of alloying with strain or stress
yet. Investigations of fully strained ﬁlms on different substrate surfaces
will be needed in the future.
In summary, we have determined the anisotropic dielectric function tensor elements of a set of b–(AlxGa1–x)2O3 ﬁlms grown coherently at the (010) surface of b-Ga2O3 substrates by plasma-assisted
MBE using generalized spectroscopic ellipsometry in the spectral range
from 1.5 eV to 9.0 eV. We have analyzed the ellipsometry data using
our previously developed critical point model dielectric function

FIG. 3. Shift of the lowest band to band transition in b-(AlxGa1–x)2O3 relative to bab
Ga2O3, Eab
0 ðx > 0ÞE0 ðx ¼ 0Þ (this work), and calculation results by Wang
et al.24 and Peelaers et al.23 The dashed line is a linear approximation.
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approach for monoclinic symmetry semiconductor materials, and we
have reported the composition dependence of the lowest energy band
to band transitions and their polarization directions. Our results are
relevant for the evaluation of band offsets and design of electron conﬁnement in b–(AlxGa1–x)2O3–b-Ga2O3 heterostructures, where the
direction dependence of the band structure must be considered
accordingly. The observed increase in the lowest band to band transition energy is in excellent agreement with recent theoretical predictions, which suggests that strain in coherent growth may play a minor
role for ﬁlms with Al contents investigated here.
See the supplementary material for the details of the samples
investigated, the experimental procedures, and the numerical values of
all parameters determined in this work.
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